ABSTRACT: A numerical study is reported concerning the first and second singlet excited-states of 5-benzyluracil using the multireference self-consistent field (state-averaged CASSCF) method. The vertical excitation energies of low-lying excited-states were characterized using higher-level methods, such as CASPT2, MRCI, EOM-CCSD, and TDDFT. The local minima and conical intersections found on the potential energy surfaces (PESs) were characterized in terms of molecular geometry and natural population analysis. Different relaxation pathways on the PESs are identified and discussed. The molecule can be thought of as a model system for the study of crosslink reaction between DNA and proteins induced by UV light. A few suitable schemes for the crosslink process are indicated.
Introduction
Short-range biomolecular interactions are crucial for sustaining all forms of life and for ensuring survival of the species through the inheritance of the genetic information. In particular, the interactions between proteins and cognate DNA are key for the replication, transcription and translation of genetic information. The analysis of gene regulation mechanisms allows decryption of the information encoded by genomes, and also can provide important tools for diagnosis, prognosis and therapy of diseases.
Whereas the study of biological systems should be ideally performed without disturbing the inherent interactions (of electrostatic/polar/hydrophobic nature) between the macromolecules, in practice it is more convenient to form some stable and long-lived covalent bond (cross-linking) between the interacting bio-molecules and analyze the corresponding complexes. In particular, inducing crosslinking between nucleic acids and proteins is one of the biochemical tools for the study of the interplay between DNA and interacting proteins in living cells 1 . Stable but reversible (transient) interactions are usually induced by formaldehyde treatment before chromatin immunoprecipitation (ChIP) analysis for transcriptional studies 2 . Although this is a cheap protocol which can be run with inexpensive equipment, it has limitations: most importantly the lack of selectivity, the long incubation times and the toxicity to cells. Alternatively, conventional UV sources 3 , and nanosecond/picosecond or, more recently femtosecond ultrashort UV pulses 4, 5 have been considered as alternatives to chemical cross-linking. In particular, the laser based cross-linking is very promising, since the laser can be tuned to reduce DNA damage, and to be highly specific. In addition, it could be used to probe biomolecular transient interactions in living cells.
Despite the great potential in bio-sciences, for example for genome-wide mapping of DNA-bound proteins, the knowledge of the photo-induced cross-linking mechanisms at a molecular level is scarce, and only the structures of the adducts of certain aminoacids and DNA bases (Ser-T, Cys-T, Lys-T, and
Tyr-T), have so far been characterized [6] [7] [8] . In addition, the intermolecular cross-linking products of DNA bases and aminoacids are obtained in very low yields. The intramolecular version of the photo-crosslink process has recently been reported using substituted uracils, and these compounds constitute a good model system for the study of the photochemical behaviour of a particular nucleic acid base-aromatic aminoacid combination that benefit from proximity effects 9 . 5-Benzyluracil (5BU) contains a benzene ring (which replaces the aromatic part of phenylalanine) and a uracil base covalently connected through a methylene group. UV irradiation of 5BU induced a cyclization reaction and provided the bicyclic adduct in high yield, in contrast to the very inefficient intermolecular photocross-linking using mixtures of the two components 9 .
We were intrigued by the efficient photochemical reaction of 5BU, and decided to theoretically study the possible singlet relaxation pathways (which are faster than those of the triplet state) that could compete with the crosslink. Being the system amenable to simulation by the use of modern computational methods, we set out to determine the molecular structure, electronic excited states energy and potential energy surface (PES) of states potentially involved in the interaction with a UV femtosecond laser pulse. In particular, this will be done for the ground state and the first two singlet excited electronic states using calculations based on geometry optimization at the multireference selfconsistent field (state-averaged CASSCF) level of theory. A special care will be taken on the search of choice drastically reduces the number of CSFs causing just some convergence problems in the MCSCF cycles. For the (20, 14) active space, the number of CSFs generated is 273,273, while the number of determinants is 1,002,001. In order to estimate the role of virtual orbitals in the excitation energy calculation we have used also the (20, 15) approximation was used together with the cc-pVTZ auxiliary basis set 34, 35 (JKFIT and MP2FIT).
Unfortunately, the use of multireference methods including dynamic electron correlation exceeds our computer capacity for geometry optimization purposes. Therefore, all geometry optimizations were performed at the SA-CASSCF level. Our challenging (20, 14) active space was only used for MS-CASPT2 and a single point energy calculation. For this reason we were forced to reduce once more the dimension of our active space from (20, 14) to (20, 13) keeping only four virtual orbitals. With the (20,13) active space we succeeded in computing also the MRCI energies. The 5BU system contains 106 electrons with 53 double occupied orbitals. In the case of geometry optimizations, by using the SA-MCSCF method, we kept the first 43 orbitals closed, which means that these orbitals were doubly occupied in all CSFs, but they were fully optimized during the MCSCF cycle. On the other hand, for the vertical excitation energies calculation with methods including the electron correlation evaluation, all 43 orbitals, which were not included in the active space, were kept frozen.
Finally, for all geometries the natural population analysis (NPA) 36, 37 was included along with the Wiberg's bond-order index (BI) 38 implemented in the Molpro package. Molecular structures were visualized and analyzed using the Gabedit 39 molecular graphics program, while the molecular graphics (figures) were created using the Avogadro 40 software.
Results and Discussion

Vertical and Adiabatic Excitation Energies.
As we already mentioned in the previous section, the ground state optimized geometrical structure of 5BU was obtained using the SA-MCSCF method with DZP basis set, considering the (20,15) active space configuration. Its geometry is shown in 41 in the perfect aromatic ring.
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The vertical excitation energies up to the second excited level are presented in When studying the S 2 geometry relaxation starting from the optimized ground state, the changes occur again on the benzene side. Nevertheless we did not find any stationary point before reaching a conical 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 intersection between the S 1 and S 2 PESs. Using the same procedure of inducing a stretch in the C 4 =O double bond we found two different stationary points corresponding to the ( ) 
Crossing points.
As mentioned in the previous subsection, in the case of the S 2 PES, no stationary points were found with modified coordinates on the benzene branch. The geometry optimization led us directly to conical intersection (CI) points between the S 1 and S 2 PESs. These structures are defined by the ( ) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 for the individual benzene molecule, while the uracil fragment remains almost unchanged. The planar structure of the benzene ring is broken, the C e carbon atom moving away from the molecular plane and forming two "single bonds" with the C d and C f atoms. The reference energy of this 
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, were found at the uracil side. Their geometry parameters are presented in Table 3a , and their graphics are shown in the Supporting Information (Figures S3 and S4) . In both cases the uracil fragment is distorted. The . Here, one should mention that the second CI point is located at a relatively high energy level and it is difficult to reach during the geometry relaxation processes.
Besides the S1-S2 conical intersection points, the S0-S1 CIs are also very important. Accordingly, we carried out further search of CIs starting from the geometry structure of the S 1 minima, both at the benzene and at the uracil fragments. In this case, two other CI crossing points, namely CI structure is 4.60 eV.
Relaxation pathways.
In molecules with high symmetry, the location of the CI points depends on the symmetry properties of these molecules. Nowadays it is widely accepted that even in the case of low-symmetry molecular systems the CIs -called accidental CIs 47 -are much more common than previously thought and these CIs play a crucial role in nonadiabatic events (e.g., radiationless decay of electronic excited states) [48] [49] [50] [51] . However, knowing only the location of the CI points and energy minima on the PESs is not sufficient to draw a realistic picture about the relaxation mechanism of the molecular excited states. This is because several potential energy barriers, smaller or higher, can occur on the PES between energy minima and CI points and thus obstruct reaching these critical points. On the other hand, the time scale of these relaxation mechanisms can be correctly evaluated only after a thorough molecular dynamics study of these nonadiabatic processes. This would require the use of more demanding computational methods that can reproduce correctly the dynamics near the CI points [52] [53] [54] . In this section, our aim is not to give an exhaustive description of the relaxation dynamics of 5BU, but to estimate possible pathways for different geometrical transitions and to draw a qualitative picture about the relaxation mechanisms of the molecule excited states. Finding an energy minimum on the PES is relatively straightforward because the negative of the gradient always points downhill. By contrast, a transition structure (TS) optimization must step uphill in one direction and downhill in all other orthogonal directions and therefore requires special searching methods 55 including a preliminary evaluation of the Hessian matrices for each case. In order to draw a qualitative picture about the crossing between different critical points on the PESs we have applied the linear synchronous transit (LST) 56 method (the first step of the QST2 57 method), which gives the direct crossing line between two different points on the surface but with much less computational effort than other TS searching methods.
Unfortunately, in this way we could find only second order saddle-points and not the real TS geometries.
The first energy gap analyzed was the linear transition between the vertical ( ) (Figure S10) . This LST show a more interesting picture of the relaxation mechanism with much lower energy barriers involved. The S 2 state starts with a strong decrease, while the S 1 slightly increases, then, they cross each other after four geometry steps. After this crossing point the S 2 state transits a relatively small energy gap (~1.6 eV), while the S 1 state will reach the ( ) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 this LST step geometry. We found an avoided crossing point (instead of CI point) with an energy barrier of 0.0043 eV (0.1 kcal/mol). Its geometry is presented as Supporting Information (Figure S11) We computed also the LST between the two S 1 optimized geometries found at the uracil ( ( ) 58 for the case of the non-adiabatic deactivation of 9H-adenine, a time scale of 100 -120 fs would be required to surpass a 1.5 -2 eV energy barrier. Therefore we surmise that the transit from the ( ) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 adiabatic decays, these values suggest that a radiationless deactivation to the ground state would more easily occur in the uracil than in the benzene sides and that the radiative transition is an alternative mechanism to reach the ground state. This was experimentally confirmed by us and is analyzed in the next subsection.
Fluorescence measurements and comparison with theoretical predictions.
We have measured the static fluorescence spectrum of 5BU in methanol when excited with UV radiation, at 247 nm (5 eV) and 265 nm (4.7 eV), respectively. These two wavelengths virtually cover the whole range of vertical excitation energies as calculated through several different methods (see Table 2 ). We notice that EOM-CCSD, LT-DF-LCC2 and TDDFT (B3LYP) methods predict even vertical excitation of the second excited states, S 2 , thus accessing more complicated decay paths. In fact, from S 2 the molecule can reach the S 1 state and reach a conical intersection with a radiationless decay to the ground state or populate the ( ) 
Summary and Conclusions
We have investigated the decay paths located on the first and second singlet excited-state surfaces of 5BU, a molecule which attracts a noticeable interest as it is considered as a model system for the study of nucleic acid-protein crosslink reactions induced by UV light. The structures found for the benzene and uracil fragments in 5BU, as seen in Figure 1 , are close to the ones already obtained for the isolated compounds 13, 15 in the electronic ground state, except for the benzene symmetry breaking. Therefore, the CH 2 bridge behaves just as a small perturbation giving rise to minor changes in molecular structure, and this supports the idea that 5BU can be actually used as model system for the photo-crosslink reaction. 9 The first two electronic excited states in the ( ) 0 S R e nuclear geometry have been characterized with both multireference and single determinant methods. The results are in a reasonably good agreement for the S 1 state, and only TDDFT method underestimates slightly the energy value. For the S 2 state, multireference methods give values higher than 6.8 eV, whereas those obtained with single reference methods are close to the S 1 vertical excitation energy. This is likely due to the fact that not all the needed orbitals in the active space could be included for the CASSCF method to properly work. On the other hand, it is well known that single determinant methods are not able to properly describe the static correlation due to the degeneracy of electronic states. The relatively small energy difference between the first and second excited states obtained either with coupled-cluster or DFT theories suggest that one should not totally ignore the effect of static electron correlation.
The geometry optimizations on the S 1 PES, starting from the nuclear geometry ( ) (Figure 2) , where the uracil fragment shows a non-planar geometry. The geometry optimizations on the S 2 PES, when started from the nuclear geometry ( ) We have also found three conical intersections that could play a crucial role in the 5BU decay pathways: as for the single isolated fragments -benzene and uracil -, they represent ultrafast nonradiative decay channels leading to lower energy electronic states. These have been characterized as (i)
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